Patients with hepatocellular carcinoma (HCC) who are listed for liver transplantation (LT) are often treated while on the waiting list with locoregional therapy (LRT), which is aimed at either preventing progression of HCC or reducing the measurable disease burden of HCC in order to receive increased allocation priority. We aimed to synthesize evidence regarding the effectiveness of LRT in the management of patients with HCC who were on the LT waitlist. We conducted a comprehensive search of multiple databases from 1996 to April 25, 2016, for studies that enrolled adults with cirrhosis awaiting LT and treated with bridging or down-staging therapies before LT. Therapies included transcatheter arterial chemoembolization, transarterial radioembolization, ablation, and radiotherapy. We included both comparative and noncomparative studies. There were no randomized controlled trials identified. For adults with T1 HCC and waiting for LT, there were only two nonrandomized comparative studies, both with a high risk of bias, which reported the outcome of interest. In one series, the rate of dropout from all causes at 6 months in T1 HCC patients who underwent LRT was 5.3%, while in the other series of T1 HCC patients who did not receive LRT, the dropout rate at median follow-up of 2.4 years and the progression rate to T2 HCC were 30% and 88%, respectively. For adults with T2 HCC awaiting LT, transplant with any bridging therapy showed a nonsignificant reduction in the risk of waitlist dropout due to progression (relative risk [RR], 0.32; 95% confidence interval [CI], 0.06-1.85; I 2 5 0%) and of waitlist dropout from all causes (RR, 0.38; 95% CI, 0.060-2.370; I 2 5 85.7%) compared to no therapy based on three comparative studies. The quality of evidence is very low due to high risk of bias, imprecision, and inconsistency. There were five comparative studies which reported on posttransplant survival rates and 10 comparative studies which reported on posttransplant recurrence, and there was no significant difference seen in either of these endpoints. For adults initially with stage T3 HCC who received LRT, there were three studies reporting on transplant with any downstaging therapy versus no downstaging, and this showed a significant increase in 1-year (two studies, RR, 1.11; 95% CI, 1.01-1.23) and 5-year (1 study, RR, 1.17; 95% CI, 1.03-1.32) post-LT survival rates for patients who received LRT. The quality of evidence is very low due to serious risk of bias and imprecision. Conclusion: In patients with HCC listed for LT, the use of LRT is associated with a nonsignificant trend toward improved waitlist and posttransplant outcomes, though there is a high risk of selection bias in the available evidence. (HEPATOLOGY 2018;67:381-400).
H epatocellular carcinoma (HCC) is a growing indication for liver transplantation (LT) due to the rising incidence of HCC and recognition that transplantation offers the best chance for long-term survival for patients with unresectable HCC. Transplant offers the benefit of removal of the cancer as well as the harboring risk of de novo HCC in a cirrhotic liver. Patients with early HCC, defined by the Milan criteria (one lesion 5 cm or three lesions all <3 cm without evidence of extrahepatic spread or vascular invasion) have overall survival rates comparable to those without HCC. A priority for LT is granted to those with HCC fulfilling the Milan criteria in order to allow transplant in a timely fashion prior to progression of HCC that would eliminate LT as a therapeutic option, given the increased risk of recurrent HCC after LT for patients with more advanced HCC. Patients who develop tumor progression beyond the Milan criteria while awaiting LT become ineligible for an HCC Model for End-Stage Liver Disease (MELD) upgrade, which equates to dropout and subsequent death due to progression of HCC. Strategies to minimize waitlist dropout due to tumor progression include locoregional therapy (LRT). The selection of appropriate candidates for LRT is paramount to diminish the risk of exacerbating underlying liver disease and hence the development of worsening synthetic function and/or complications of portal hypertension.
A consensus statement for LT for HCC has recommended LRT if the anticipated waiting time for an organ to become available exceeds 6 months.
(1) However, due to unpredictable waiting times and fear of tumor progression, the vast majority of patients receive some form of LRT while awaiting transplant. Various types of LRT have been employed; however, transarterial chemoembolization (TACE) is the most common. The choice of which LRT to use is influenced by tumor size/number, location, liver function, and individual center experience. Level-one data to confirm the benefit of this approach are lacking and not anticipated in the future. We conducted this systematic review and meta-analysis to synthesize the existing evidence about the effectiveness of LRT as a strategy to prevent HCC progression for patients with HCC who are waiting for LT or as a down-staging strategy for patients with HCC beyond the Milan criteria who are being considered for LT.
Materials and Methods
We followed a priori the protocol developed by HCC guideline and systematic review committees of the American Association for the Study of Liver Diseases. We reported this systematic review according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statements. (2) ELIGIBILITY CRITERIA
The American Association for the Study of Liver Diseases committees identified and developed three key questions (Table 1) . We included studies that enrolled adults with cirrhosis awaiting LT and treated with bridging or down-staging therapies before transplant. Therapies included TACE, transarterial radioembolization (TARE), ablation, and radiotherapy. We included both comparative and noncomparative studies with no language restrictions. We excluded studies with patients enrolled before 1996, case reports, cohorts with fewer than 5 patients, reviews, letters, errata, commentaries, and studies published only as abstracts.
SEARCH STRATEGY
A comprehensive search of several databases from each database inception to April 25, 2016 , in any language was conducted. The databases included Ovid Medline In-Process & Other Non-Indexed Citations, Ovid MEDLINE, Ovid EMBASE, Ovid Cochrane Central Register of Controlled Trials, and Scopus. The search strategy was designed and conducted by an experienced librarian with input from the study's principal investigators. Supporting Table S1 describes the detailed search strategy.
STUDY SELECTION
Using an online reference management system (DistillerSR; Evidence Partners, Inc.), two reviewers independently screened the titles and abstracts for potential eligibility. The full text of the included abstracts was retrieved and screened in duplicate. Disagreements were harmonized by consensus and, if not possible, by consensus through arbitration by a third reviewer.
DATA EXTRACTION
For each study, data extraction was done in duplicate using a standardized form. We extracted the following variables from each study: study characteristics (first author's last name, year of publication, country, study design), patient baseline characteristics (number of patients, age, inclusion criteria for transplant, pretransplant staging, MELD score, number of hepatic lesions, Child-Pugh score, size of hepatic lesions, alpha-fetoprotein [AFP] levels, duration of follow-up, waitlist time for transplant), type of LRT, and outcomes of interest. We extracted the following outcomes from each study: waitlist dropout rate due to progression and/or any cause, post-LT mortality and survival rates, and post-LT recurrence and recurrencefree survival rates.
METHODOLOGICAL QUALITY AND RISK OF BIAS ASSESSMENT
We used the modified Newcastle-Ottawa Scale to assess the risk of bias in observational studies. Two reviewers independently assessed the risk of bias in each study. Selected items focused on the representativeness of the study population, comparability of cohorts, adequate assessment of outcome, sufficient length of follow-up to allow outcomes to arise, adequacy of follow-up, and source of study funding. Quality of evidence was evaluated using the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) methods.
STATISTICAL ANALYSIS
For comparative studies, we calculated relative risks (RRs) and 95% confidence intervals (CIs) using binomial distribution. We then pooled the log-transformed risk ratios using the DerSimonian and Laird randomeffect models, with the heterogeneity estimated from the Mantel-Haenszel model. For noncomparative studies, we calculated event rates of outcome (the proportion of patients who developed outcomes of interest), and we estimated 95% CIs with the Jeffreys method. We pooled log-transformed event rates with DerSimonian and Laird random-effect models. To measure heterogeneity across the included studies, we used the I 2 statistic, where I 2 >50% suggests high heterogeneity. All statistical analyses were conducted using Stata version 13 (StataCorp, College Station, TX).
Results
The initial search resulted in 4,022 citations, of which 483 full-text articles were reviewed. We included a total of 63 studies. Figure 1 shows the study selection process. Detailed baseline characteristics of the studies are described in Supporting Table S2 . There were not any studies that directly compared LRT versus observation for patients on the LT waiting list. Two noncomparative cohorts (3, 4) enrolled patients with cirrhosis and T1 HCC and reported the outcome of interest. Baseline characteristics are described in Supporting Table S2 . The two studies were at high risk of bias (Supporting Table S3 ). In the first study, the rate of dropout from all causes at 6 months in T1 HCC patients who underwent LRT was 5.3%. (3) In the second study, assessing T1 HCC patients who did not receive LRT, (4) the dropout rate at a median follow-up of 2.4 years and the progression rate to T2 HCC were 15.2% and 88%, respectively. A summary of outcomes is reported in 
Analysis of Comparative Studies
Eighteen comparative studies (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) reported outcomes of interest. Baseline characteristics of included studies are described in Supporting Table S2 . Risk of bias for the 18 comparative studies was considered moderate to high. Most of the studies (95%) provided adequate assessment of outcome, 83% had an acceptable length of follow-up, and 66% had comparable cohorts. However, selection of cohorts, adequacy of follow-up, and source of funding were either at high risk of bias or not reported in most of the studies ( Fig.  2A) . Details of risk of bias assessment are presented in Supporting Table S3 .
WAITLIST DROPOUT OUTCOMES
Two studies (7, 10) enrolled 257 patients and reported waitlist dropout due to progression, and three studies (5, 7, 10) enrolled 382 patients and reported dropout due to any cause. Compared to transplant alone (Fig. 3) , transplant with any bridging therapy showed a nonsignificant reduction in the risk of waitlist dropout due to progression (RR, 0.32; 95% CI, 0.06-1.85; I 2 5 0%) and waitlist dropout from all causes (RR, 0.38; 95% CI, 0.060-2.370; I 2 5 85.7%). The quality of evidence is very low due to high risk of bias, imprecision, and inconsistency.
MORTALITY OUTCOMES
Five studies (6, 7, 9, 18, 20) enrolled 531 patients and reported mortality rates, three studies (11, 13, 20) reported 1-year post-LT survival rate, five studies (8, 11, 13, 18, 20) reported 3-year post-LT survival rate, and five studies (11, 13, 15, 20, 21) reported 5-year post-LT survival rate. Compared to transplant alone (Fig. 4) , transplant with any bridging therapy showed a nonsignificant change in posttransplantation mortality and survival rates.
RECURRENCE OUTCOMES
Ten studies (6) (7) (8) (9) 13, (15) (16) (17) (18) 20) enrolled 889 patients and reported post-LT recurrence rates; two studies (14, 20) reported 1-year and 3-year post-LT recurrence-free survival rates; and three studies (12, 14, 20) reported 5-year post-LT recurrence-free survival rates. No significant difference was noted between both groups in recurrence rate and recurrence-free survival rate (Fig. 5) .
SUBGROUP ANALYSIS
We conducted a subgroup analysis based on the type of LRT. A summary of evidence for outcomes of transplant with bridging therapy versus transplant alone for all bridging therapies and subgrouped based on the type of LRT is presented in Table 3 .
Sensitivity analysis was done to exclude cohorts conducted outside the United States and cohorts enrolled patients before 2002. Nine studies (6, 7, 9, 10, 15, 18, (20) (21) (22) were conducted in the United States and showed no change in results (Supporting Figs. S1-S3). Three cohorts (15, 18, 20) were conducted in the United States and enrolled patients at or after 2002; no change in results was noticed. A summary of evidence for the sensitivity analysis is presented in Supporting Table S4 .
Analysis of Noncomparative Studies
Thirty-one noncomparative studies (3, 4, enrolled HCC patients within Milan criteria and reported outcomes for transplant with any bridging therapies. Risk of bias of the noncomparative studies ( Fig. 2B ) was considered high. Most of the studies (97%) provided adequate assessment of outcome, and 93% had an acceptable length of follow-up. However, selection and comparability of cohorts, adequacy of follow-up, and source of funding were either at high risk of bias or not reported in most of the studies.
WAITLIST DROPOUT RATES Fifteen studies (3, 4, 23, 25, 29, 32, 33, 35, 37, 38, (41) (42) (43) (44) 50) reported dropout rates due to all causes, and nine studies (23, 25, 26, 29, 35, 38, (42) (43) (44) reported dropout rates due to progression. Dropout rates due to all causes and due to progression were 0.19 (95% CI, 0.15-0.24) and 0.11 (95% CI, 0.07-0.17), respectively.
MORTALITY OUTCOMES
Ten studies (23, 26, 28, 33, 34, 36, 37, 43, 46, 49) reported post-LT mortality rate, and 11 studies (23, 24, (27) (28) (29) 31, 33, 37, 41, 48, 49) 
RECURRENCE OUTCOMES
Fifteen studies (23, 28, 31, 33, 34, 36, 37, 39, 40, 43, (45) (46) (47) 49, 51) reported post-LT recurrence rate, and six studies (22, 29, 30, 40, 47, 48) reported post-LT recurrence-free survival rates. The rate of post-LT recurrence was 0.14 (95% CI, 0.1-0.21). Post-LT recurrence-free survival rates at 1, 3, and 5 years were 0.88 (95% CI, 0.82-0.94), 0.82 (95% CI, 0.73-0.93), and 0.77 (95% CI, 0.61-0.98), respectively. Table 4 shows event rates of outcomes reported for transplant with bridging therapies in adults with cirrhosis awaiting LT and T2 HCC. Supporting Table S5 shows subgroup analysis based on the type of LRT and studies conducted in the United States only. 
Analysis of Comparative Studies
Three studies (12, 52, 53) enrolled HCC patients and compared any T3 patients treated with transplant and down-staging therapy versus T2 patients treated with transplant alone. Baseline characteristics of the three studies are described in Supporting Table S2 . The risk of bias (Table 3) in the studies was moderate as two studies reported fair comparability of the studies, adequate assessment of the follow-up, and an acceptable length of follow-up. No studies reported waitlist dropout rates as outcomes.
Compared to transplant alone for T2 (Fig. 6 ), transplant with any down-staging therapy showed significant increases in 1-year (two studies, (51, 52) RR, 1.11; 95% CI, 1.01-1.23) and 5-year (one study, (53) RR, 1.17; 95% CI, 1.03-1.32) post-LT survival rates. The quality of evidence is very low due to serious risk of bias and imprecision.
No significant difference was noted for 3-year post-LT survival rate and 1-year and 5-year post-LT recurrence-free survival rates (Fig. 6 ). Sensitivity analysis was conducted to limit the analysis to one study (52) conducted in the United States and reported 1-year and 3-year post-LT survival rates. No significant difference was noted between the two groups. Table 5 shows a summary of evidence for T3 patients treated with down-stating plus transplantation versus T2 patients treated with transplant alone in adults with cirrhosis awaiting LT and HCC beyond Milan criteria (T3).
Analysis of Noncomparative Studies
Twenty-one studies (28, 29, (31) (32) (33) 39, 42, 48, (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) enrolled 2,698 HCC patients beyond Milan criteria and reported outcomes for transplant with down-staging therapy only. Baseline characteristics are reported in Supporting Table S2 . Risk of bias assessment (Fig. 7) of the included noncomparative studies was considered moderate to high. Most of the studies (91%) provided adequate assessment of outcome, and all of the studies provided an acceptable length of follow-up. However, selection of the studies, comparability of cohorts, adequacy of follow-up, and source of funding were either FIG. 3. Dropout rate (bridging therapies versus no therapy) for adults with cirrhosis awaiting LT and HCC (T2). Andorno et al., (5) DuBay et al., (7) and Frangakis et al. (10) HEPATOLOGY, Vol. 67, No. 1, 2018 KULIK ET AL.
at high risk of bias or not reported in most of the studies.
WAITLIST DROPOUT RATES
Seven studies (29, 32, 42, 59, 60, 63, 65) reported dropout rates due to all causes, and six studies (28, 41, 58, 59, 62, 64) reported dropout rates due to progression. Dropout rates due to all causes and due to progression were 0.41 (95% CI, 0.32-0.53) and 0.53 (95% CI, 0.43-0.65), respectively.
MORTALITY OUTCOMES
Seven studies (33, (54) (55) (56) 60, 63, 64) reported post-LT mortality rates, and 10 studies (27, 28, 30, 47, 52, 55, 59, 60, 63, 64) reported post-LT survival rates. The post-LT all-cause mortality rate was 0.31 (95% CI, 0.20-0.49). Post-LT survival rates at 1, 3, and 5 years were 0.94 (95% CI, 0.91-0.97), 0.86 (95% CI, 0.77-0.96), and 0.78 (95% CI, 0.71-0.84), respectively.
RECURRENCE OUTCOMES
Twelve studies (28, 33, (54) (55) (56) (57) (59) (60) (61) (62) 64, 65) reported post-LT recurrence rates, and 14 studies (28, 31, 39, 42, 48, 53, 56, 58, (60) (61) (62) (63) (64) (65) reported post-LT recurrence-free survival rates. The rate of post-LT recurrence was 0.20 (95% CI, 0.15-0.28). Post-LT recurrence-free survival rates at 1, 3, and 5 years were 0.91 (95% CI, 0.88-0.94), 0.79 (95% CI, 0.73-0.85), and 0.8 (95% CI, 0.73-0.87), respectively. Table 6 shows event rates of outcomes reported for transplant following down-staging in patient with FIG. 4 . Mortality and survival rates (transplant with bridging therapies versus transplant alone) for adults with cirrhosis awaiting LT and HCC (T2). Cabrera et al., (6) DuBay et al., (7) Eguchi et al., (8) Eswaran et al., (9) Heinzow et al., (11) Kim et al., (13, 15) Porrett et al., (18) Sourianarayanane et al., (20) Stockland et al. (21) cirrhosis awaiting LT and HCC beyond Milan criteria (T3). Supporting Table S6 shows subgroup analysis based on the type of LRT and studies conducted in the United States only.
Discussion
The American Association for the Study of Liver Diseases' methodology and writing committees for the HCC practice guidelines developed three key questions regarding the use of liver-directed therapy for HCC in patients in a pretransplant setting including T1 lesions, bridging, and down-staging to transplant. This entailed a detailed literature search to identify studies with a comparison group and data on relevant clinical outcomes. These data were then rated based on the quality of the evidence using the GRADE system. There were no randomized controlled trials (RCTs) addressing any of the posed questions, and the quality of the data overall was deemed very low.
T1 LESIONS
Shortly after the implementation of MELD, it was recognized that overprioritization to HCC was negatively impacting those without HCC. In addition, approximately 21% had no evidence of HCC on explant pathology, and this was most significantly related to having T1 stage on pretransplant imaging despite a lack of pretransplant LRT. This led to a reduction of initial MELD exception scores granted to patients with T2 HCC and elimination of the MELD FIG. 5. Recurrence and recurrence-free survival rates (transplant with bridging therapies versus transplant alone) for adults with cirrhosis awaiting LT and HCC (T2). Cabrera et al., (6) DuBay et al., (7) Eguchi et al., (8) Eswaran et al., (9) Holowko et al., (12) Kim et al., (13) (14) (15) Kornberg et al., (16) Li et al., (17) Porrett et al., (18) Sourianarayanane et al. (20) upgrade for those with a solitary T1 lesion. (66) Thus, patients with unresectable T1 HCC on the LT waiting list have the option of observation until the lesion increases in size to stage T2 in order to receive additional waitlist priority or treatment of the lesion with LRT. Patients also have the option of living donor LT or receiving LT based on their calculated MELD score (applicable for patients with significantly decompensated liver disease). LRT at the time of diagnosis of T1 HCC versus observation with treatment only after meeting T2 criteria was examined in two noncomparative studies, one of which deferred treatment of T1 lesions and one of which treated all T1 lesions. Due to a lack of randomization, these studies are unable to definitively address the question of the impact on survival of early LRT in T1 lesions versus LRT 1 intent for transplantation only after tumor growth to >T1. For patients already listed for LT and thus, presumably, with another indication for LT, the evidence supports that observation until the tumor had reached T2 was not associated with excess waitlist dropout rates. The majority of studies on LRT as a primary treatment have been using radio frequency ablation (RFA), with results approaching what has been reported for resectable patients treated with resection, though not all lesions lend themselves to ablative procedures. In such cases there is not an RCT that has examined ablation versus intra-arterial therapies in very early HCC, and therefore the intent for a potential curative therapy outside of ablation is not known.
BRIDGING TO LT
Patients listed for LT due to HCC are at risk of dropout with competing risks of tumor progression and morbidity/mortality related to chronic liver disease. The intended goals of bridging to orthotopic LT (OLT) are to prevent dropout on the waiting list and decrease the risk of post-OLT HCC recurrence. LRT has been widely used as a strategy to minimize tumor growth while awaiting transplantation. There were 18 comparative studies that reported various outcomes, and a nonsignificant improvement with lower dropout rates was seen among patients treated with LRT compared to no therapy for both tumor progression (RR, 0.32; 95% CI, 0.06-1.85) and all causes of dropout (RR, 0.38; 95% CI, 0.060-2.370). Overall survival (1, 3, and 5 years) and HCC recurrence post-LT were not significantly impacted by LRT versus proceeding directly to transplantation. Neither the type of LRT nor the limitation of studies to the United States after the implementation of MELD impacted these results. However, given the lack of randomized studies, it is likely that patients selected for LRT are different from those not selected for LRT. Therefore, similar waitlist and post-LT outcomes could potentially mean that LRT patients with more advanced tumors, potentially more aggressive tumor biology, or longer waiting times did as well as those not receiving LRT who had fewer risk factors. With ever increasing waiting times, nearly all waitlisted patients in the United States are treated with LRT; and thus, randomized studies are not likely to be available to address this question. (67) Additionally, a large RCT is unlikely to be conducted to definitively address the superiority of one form of LRT over another in selected groups of patients with HCC due to variation in waiting times and other practice differences. Two pilot RCTs compared radioembolization to chemoembolization in unresectable HCC with progression-free survival as the primary endpoint. (68, 69) While progression-free survival was similar between the two modalities, the study design dictated number of treatments between the two intra-arterial therapies ( 90 Y >26 months versus TACE 6.8 months; hazard ratio, 0.122; P 5 0.0012) and no differences in observed survival censored to transplant ( 90 Y 18.6 months versus TACE 17.7 months; P 5 0.99). This trial was closed early due to slow accrual; however, the conditional post hoc power using the results from the 45 patients enrolled in the study was 96.8%, suggesting that the likelihood of erroneously concluding that 90 Y provides significantly longer time to progression over TACE is 3.2%. Ideally, small single-center or multicenter trials comparing more novel strategies such as TARE or stereotactic body radiation therapy to more conventional therapies such as RFA or TACE would be completed in either patients with prolonged waiting time and T2 lesions or those who present with T3 lesions and are transplanted following down-staging, in order to further guide management of patients with unresectable HCC.
DOWN-STAGING
The optimal approach to patients with tumors beyond Milan criteria is controversial given the shortage of available organs for transplantation and the imprecision of identifying which patients with HCC are most likely to benefit from LT. While it is recognized that tumor biology is more complex than size and number alone, factors significantly associated with higher rates of HCC recurrence independent of tumor burden, such as the presence of microvascular invasion and/or poorly differentiated tumor grade, are generally not available pre-LT. Response to LRT may be a surrogate of tumor aggressiveness and has been reported to correlate with post-LT outcomes. Furthermore, a period of at least 3 months of a sustained radiographic response after a successful down-staging therapy has been advocated, to minimize risk of recurrence. (65) In addition to radiographic response to LRT, AFP closest to OLT has been demonstrated to be a predictor of post-OLT outcomes. Several studies have shown AFP to be an independent predictor of overall survival. (71, 72) In a detailed analysis of the Organ Procurement and Transplantation Network data of explant pathology of patients transplanted for HCC, AFP (log) level was a pretransplant predictor for HCC recurrence with an odds ratio of 1.2 per increase in AFP (P < 0.001). (67) The premise of employing down-staging is to attempt to select appropriate candidate for transplant presenting with HCC outside the Milan criteria.
The initial question posed was whether patients with T3 disease should undergo down-staging prior to LT or proceed to transplant without need for downstaging. However, the significant limitations of receiving a deceased donor LT for patients with T3 HCC has led to a lack of available evidence and made this question not clinically practical. Thus, we later modified the question to one much more clinically relevant: should patients with T3 HCC undergo LT after successful down-staging to T2 HCC? There was significant heterogeneity among the three studies that looked at down-staging for T3 HCC compared to transplant for T3 HCC without downstaging in terms of the comparative group. Heckman et al. compared 12 patients who were successfully down-staged to a subset with >T2 without LRT due to indolent disease plus T2 patients in receipt of LRT. (52) The second study by Holowko and colleagues compared patients with and without pretransplant TACE who exceeded Milan on explant. (12) Lastly, a study from Asia comprised of predominantly living donor LT compared 51 patients exceeding the University of California-San Francisco criteria to 110 patients who were not down-staged, presumably within Milan, and proceeded directly to LT. (53) In these three studies, there was no significant difference in posttransplant outcomes among those submitted to downstaging prior to LT versus the comparative group.
A study that more precisely addresses the question of utility of transplant in those who have been successfully down-staged is a prospective trial by Yao et al. (65) Patients included in a down-staging protocol had a defined upper tumor limit (without evidence of vascular invasion or metastatic disease) which included one lesion up to 8 cm, two or three lesions each 5 cm with a total tumor diameter not exceeding 8 cm, or four or five lesions each 3 cm and not exceeding a total tumor diameter >8 cm. They reported outcomes among 118 patients exceeding the Milan criteria who underwent LRT in a down-staging protocol with the intent for LT and compared them to 488 patients with T2 disease on presentation, of whom 97% received LRT prior to transplant. Among the 64 patients in the down-staged group who underwent LT, overall survival and recurrence rates were comparable to the 488 T2 patients. This study also reported a dropout rate of 35% at a median of 8.2 months from enrollment into a down-staging protocol. Dropout was significantly higher among those in the down-staging group compared to those who were listed with T2 HCC (P 5 0.04). AFP levels >1,000 ng/mL and Child-Pugh B/ C were significantly associated with risk of dropout in the down-staging cohort. Other studies have provided a cautionary note with an anticipated higher rate of recurrence post-OLT the further the tumor burden is beyond the Milan criteria. The Metroticket devised the "up-to-seven" criteria based on the explant pathology including the size of the largest tumor nodules, number of tumor nodules, and presence or absence of microvascular invasion. (73) Among patients exceeding Milan who met the up-to-seven criteria without microvascular invasion, 5-year overall survival was excellent at 71.2%. Lower overall survival was noted in those meeting the expanded criteria with microvascular Abbreviations: DEB, doxorubicin-eluting bead; NA, not available; PEI, percutaneous ethanol injection; TACI, transarterial chemoinfusion; TACL, transarterial chemolipiodolization; TAE, transarterial embolization.
invasion and in those beyond the up-to-seven criteria. The Metroticket project has now expanded to a calculator to predict post-OLT 5-year overall survival based on preoperative imaging (size of the largest viable tumor, number of viable tumors) and AFP level closest to OLT.
LIMITATIONS
Despite a large number of publications addressing the role of LRT for HCC in the transplant setting, none were RCTs, most were single-center, and the overall quality of the data used to inform these questions was very low. Decisions regarding LRT are heavily influenced by the milieu of the demographic area, most notably the anticipated wait time. Moreover, there is significant heterogeneity in terms of selection of which LRT is performed at various stages of HCC (T1, T2, T3) based on institutional experience/preference as well as differences in the treatment dynamics of the individual forms of LRT.
FUTURE DIRECTIONS
The Milan criteria have consistently demonstrated 5-year overall survival of approximately 70% over the last two decades. Patients with tumors less than or greater than the Milan criteria will require additional data to determine the role/benefit of transplant and the impact on non-HCC patients awaiting LT. The efficacy of LRT for T1, particularly in the era of direct-acting agents for hepatitis C virus with anticipated decline in complications of portal hypertension, is needed to determine if the "not ablate and wait" approach should be abandoned in favor of allocation of these organs to patients with more advanced liver disease. While down-staging for selected candidates has shown promise with outcomes comparable to patients presenting with T2 tumors, others have rejected any upper tumor size or number as a restriction. The Toronto group has recently reported excellent outcomes regardless of tumor burden (restricted to the liver without vascular/biliary involvement and without metastasis outside the liver) using a biological assessment including tumor grade, performance status, and AFP levels. (75) The ability to complete an RCT to determine any significant difference in overall survival afforded by a particular form of LRT, predominantly in those with less advanced disease, Barcelona Clinic Liver Cancer A/ B is not feasible due to expected crossover to different treatments (sorafenib, regiorafenib), censorship at the time of transplant/resection, and obstacles to recruitment related to patient and referring physician preference for a specific therapy. Hence, performing a randomized clinical trial in Barcelona Clinic Liver Cancer A or B, considering all of the difficulties above, in such a way that a survival benefit can be isolated to the initial intervention, is not statistically possible without thousands of patients. Future RCTs aimed at evaluating the impact of therapies on HCC could be enriched by designing large multicenter trials and by referral to multidisciplinary tumor boards with the goal to engage potential eligible patients in a time-sensitive manner prior to stage migration and/or deterioration in liver function.
